In situ hybridization (ISH) is an important technique that enables researchers to study mRNA distribution in situ and has been a critical technique in developmental biology for decades. Traditionally, most gene expression studies relied on visual evaluation of the ISH signal, a method that is prone to bias, particularly in cases where sample identities are known a priori. We have previously reported on a method to circumvent this bias and provide a more accurate quantification of ISH signals. Here, we present a simple guide to apply this method to quantify the expression levels of genes of interest in ISH-stained embryos and correlate that with their corresponding genotypes. The method is particularly useful to quantify spatially restricted gene expression signals in samples of mixed genotypes and it provides an unbiased and accurate alternative to the traditional visual scoring methods.
Introduction
The introduction of genome editing technologies (ZFN, TALENs and more recently, CRISPR/Cas9) has led to a massive increase in the number of laboratories around the world that make use of these systems to study the function of specific genes in vivo. Zebrafish in particular are amenable to genetic manipulation and many mutants have been generated in the recent past 1, 2 . For developmental biologists, one of the most common methods to assess the phenotypical consequences of gene mutations in embryonic development is in situ hybridization (ISH). In the absence of obvious morphological defects that separate homozygous mutants from their wild type or heterozygous siblings, it is essential to be able to correctly identify different genotypes accurately.
Classical ISH relies on qualitative analyses of signal intensities to derive conclusions about regulatory interactions between the gene of interest and selected marker genes. Although useful, these analyses suffer from technical variation and may be biased by researcher expectations. Thus, a method was developed to quantify gene expression after imaging ISH-stained embryos, without prior knowledge of the corresponding genotype. This was followed by an efficient DNA extraction and genotyping that allowed us to quantitatively correlate genotype with gene expression 3 . While the genotyping of embryos post ISH has been used before 4, 5 , image-based quantification of ISH patterns has not been widely used apart from a couple of studies 6, 7 . The most popular alternatives rely on visual scoring or counting of ISH-stained cells 8, 9, 10 , both prone to poor reproducibility and researcher bias. This method is particularly useful to study changes in genes with expression patterns that are spatially restricted, such as runx1 or gata2b, both expressed in a restricted subset of aortic floor cells called the haemogenic endothelium 11, 12 .
Here, we aim to provide a practical guide to the implementation of the quantification by image analysis using Fiji 13 , as well as the DNA extraction and genotyping protocol. This is meant to illustrate visually our previously published method 3 . Our method allows an accurate representation of the variation in gene expression detected by ISH and an unbiased assignment of gene expression levels to specific genotypes.
Protocol
Procedures involving animal subjects are regulated by the Animals (Scientific Procedures) Act 1986 and have been approved by the Home Office and the local Animal Welfare and Ethical Review Body. . 1. Prepare and label enough PCR tubes to transfer ISH-stained embryos after imaging. 100% glycerol to the bottom of the well in a glass depression slide with a 3 mL Pasteur pipette.  4. Using a 3 mL Pasteur pipette, transfer a single ISH-stained embryo to the glass slide and orient as required under a stereomicroscope  equipped with a digital camera and bottom and top illumination. NOTE: Use gel loading pipette tips to position the embryos for imaging, but other tools (e.g., forceps, dissecting needle) will be equally adequate. 5. Using the first embryo, adjust the illumination and exposure time at the desired magnification. Use these conditions for ALL of the embryos in the same experiment (i.e., if imaging 40 embryos from a heterozygous mutant incross, make sure the illumination, exposure time and magnification are the same for all). 6. Image as many embryos as required. Label each image with a unique number. After imaging, transfer the embryo to a PCR tube/plate labelled with the same number. NOTE: Images should be saved as TIF files, but other formats are also adequate. 3, 20, 21 as required for the mutation of interest.
Add
4. Note the genotype corresponding to each sample (e.g., using a spreadsheet software).
Quantify the pixel intensity of ISH-stained embryos (image analysis using Fiji software)
1. To quantify the in situ hybridization (ISH) staining signal intensity, convert all images to 8-bit grayscale as described 3 . If the images were saved as .TIF files, use a Fiji macro for batch conversion 3 . Alternatively, convert images in other formats (e.g., .JPG) to .TIF using appropriate software and then convert to 8-bit grayscale using Fiji. For convenience, here is the step-by-step procedure that was published previously 3 , with some alterations. 2. Open images in Fiji and invert the image with Edit > Invert. Then change the image type to 8-bit (Image > Type > 8-bit). 3. Using the polygon selection tool, draw the region of interest (ROI) manually on the image around the region containing the signal. 4. Press t to open the ROI manager. Use the ROI manager's Measure command to measure the intensity of the ROI. Copy the mean value from the Results window to a spreadsheet software. 5. Move the same ROI, ensuring the same size and shape as the original region, to a region of the zebrafish not containing any staining. Repeat step 3.4 to measure the background. 6. To obtain the mean pixel intensity of the ISH signal, subtract the mean intensity value of the background region from that of the stained region for each embryo. 7. Assign each intensity value to a genotype (from step 2.3). unique number. After imaging, each embryo was transferred to a PCR tube for genotyping. At this point, the image analysis was performed to attribute a pixel intensity value to each image. The genotype was then assigned to its corresponding image and the pixel intensity values grouped according to their genotype for statistical analysis. A decrease in dnmt3bb.1 expression was detected in runx1 W84X/W84X mutants (Figure 2A,B ) 3 , in agreement with previous observations 5 . Interestingly, runx1 W84X/+ heterozygous embryos showed no significant differences in dnmt3bb.1 expression (Figure 2A,B) compared to its wild type siblings, suggesting that one copy of Runx1 is sufficient to maintain dnmt3bb.1 expression at appropriate levels.
Analyze the results with appropriate statistical tests
Many zebrafish mutants fail to show an embryonic phenotype that can otherwise be detected using other loss of function technologies like morpholino oligonucleotides (MOs). This discrepancy can be attributed to a number of causes including off-target effects, maternal protein compensation, a hypomorphic allele 23 or the recently discovered phenomenon of genetic compensation 24, 25, 26, 27 . In this example, we asked whether runx1 expression was reduced or lost in lmo4a uob100 mutants since previously published data using an lmo4a MO suggested that runx1
is decreased in lmo4a morphants 28 .
Here, the analysis revealed no significant differences in runx1 expression between wild type and lmo4a uob100 homozygous mutants 3 (Figure 3A,B) . Further analysis by single embryo qPCR showed that there was a small but significant decrease in runx1 expression in lmo4a uob100 mutants (Figure 3C ). Thus, it is possible that image quantification might not be able to detect small differences in expression levels. Alternatively, the lack of difference between genotypes that we detected is real and the qPCR experiments are detecting changes in runx1 expression in other tissues like the telenchephalon where both lmo4a and runx1 are expressed. Researchers should always verify their results with an independent method like qPCR, but ideally enriching for the tissue of interest by flow cytometry, for example.
In rare instances where the ISH has high background (Figure 3D) , the pixel intensity value of this area is so high that subtraction from the signal value produces a negative number and in such instances those embryos would be excluded from the analysis. In our experience, this occurred in about 0.4% of the runx1-probed embryos 3 but may vary between experiments, probes or batches of reagents. Although that might be a limitation of the method, the low frequency of high background is very unlikely to influence the overall results.
To test the effect of selecting different areas for background corrections, we first measured the pixel intensity of the runx1 ISH signal in 28 hpf embryos, using different regions for background corrections (Figure 4) . Four different regions were selected: two in the trunk region (R1, and R2), one in the yolk region (unstained, but likely to accumulate background staining) and a smaller area anterior to the ROI (R4, Figure 4B ). Measuring pixel intensity in these regions showed a relatively stable difference in intensity between ROI and either background area ( Figure  4C) . However, R3 always showed very high values (above those in the ROI). After inversion and conversion to 8-bit, the yolk region appears very bright and thus is not suitable for use as a background correction. R2 was closer to the ROI but contained some ISH signal, and using it for correction decreased the mean pixel intensity when compared with either R1 (located further dorsally, away from the ISH signal) or R4. Thus, either R1 or R4 are appropriate areas that can be used for background correction (despite the area of R4 being smaller than that of R1). Next, we wished to compare how using R1 or R4 affected the outcomes when comparing runx1 expression. For this, we incrossed dll4 +/heterozygotes 29 and analyzed runx1 expression in randomly selected wild type and dll4 -/embryos (Figure 4E) . Although using R1 or R4 for background correction affected individual values, the mean pixel intensities within the same genotype were not significantly different (Figure 4E) . Moreover, comparing runx1 expression still yields similar mean intensity values between genotypes using either R1 or R4 areas as background correction (µ R1 =16.3 and µ R4 =18.2, respectively). Taken together, we concluded that although the choice of background area is important, the main criteria is that it does not include yolk regions (prone to accumulation of background staining) and that it should not contain any (specific) staining that might skew the pixel intensity values of the background. 
Discussion
A few factors should be considered when using this method to quantify gene expression. The imaging conditions must be maintained throughout the experiment (for example illumination, exposure times and embryo positioning) to reduce variability between measurements. A critical point is to avoid overstaining of the samples, as differences in staining between samples may be masked. For example, the decrease in VegfA expression in the absence of Eto2 in Xenopus laevis embryos 30 could only be detected by carefully monitoring staining over a 24 hour period.
Thus, it is good practice to empirically determine adequate staining levels for each gene that best represent its expression, without reaching saturation. Overstaining will also artificially increase the background pixel intensity in the converted 8-bit grayscale images and skew the quantitation results. In extreme cases, the background level in embryonic tissues might be higher than the ISH signal in the selected ROI and these samples should be excluded from the analysis. A similar phenomenon was observed when we tested the suitability of the unstained yolk for background correction (Figure 4) . After inversion and conversion to 8-bit the darker pixels in the yolk region become brighter than the ISH signal in the embryo and render the background corrected values negative. Thus, avoid the use of the yolk for background correction. Measuring the background signal in pigmented areas in the embryo (e.g., the eyes or the dorsal part of the trunk from 26/28 hpf onwards) will equally skew the quantitation results and should also be avoided. There are protocols available for bleaching zebrafish embryos, either before or after ISH 18 and bleaching embryos older than 24 hpf before imaging is recommended.
Because this method relies on measuring the pixel intensity in a defined area against a background pixel intensity in an equivalent non-stained area, it is not appropriate for quantitation of ubiquitous or near-ubiquitously expressed genes as is. Instead, it is well suited for measuring expression of genes with a spatially restricted distribution where an area for measuring background pixel intensity can be readily identified. Our additional analysis now suggests that using a smaller area (3-4x smaller) for background correction yields similar outcomes to using an equivalent area to that of the ROI. This extends the applicability of the method to genes expressed in wider spatial domains (and thus requiring larger ROIs for intensity measurements), as long as one can use clearly unstained areas of the embryo for background correction.
Finally, we suggest that the genotyping be performed in parallel or after the image quantitation to minimize experimenter bias. Asking a second experimenter to repeat the quantitation on anonymized samples and compare with the first set of measurements will also help reduce experimenter bias. If the images to be quantified are from a comparison between treatments that does not require genotyping (e.g., wild type vs chemical inhibitor or wild type vs. MO knockdown), the experimenter performing the measurements should be blinded to the identity of the sample.
